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Motivation
Why is it interesting to model black hole growth and associated feedback in simulations?  
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X-ray cluster properties 1087

ρ̄/ρcr = 180), while a temperature decrease is observed only in the
innermost regions. It is worth noting that the slope of the simulated
profile in the outer regions is similar to, although slightly shallower
than, the observed one, thus in agreement with the ‘universal’ tem-
perature profile that Loken et al. (2002) obtained for simulations
without cooling.

To further demonstrate the failure of the simulation to account for
the observed central temperature profiles, we compare our results in
the right-hand panel of Fig. 6 to those obtained by A01 for a set of
six fairly relaxed clusters with temperatures T 2500 in the range 5.5 to
approximately 15 keV. Since in this range we have only one cluster,
with T ! 7 keV, we also use our five clusters with T > 4 keV for
the comparison. This should not introduce any systematics, at least
as long as hot clusters are self-similar, which is actually one of the
claims made by A01. X-ray spectroscopy at high spatial resolution
with Chandra opened the possibility to trace the temperature struc-
ture of such clusters down to unprecedented small scales, which are,
however, easily accessible by our simulation. Again, the observed
universal profile by A01 largely deviates from the simulated one.
We point out that the profiles from the simulation show considerably
more scatter than those of real clusters, but this is just due to the fact
that we did not attempt to select relaxed clusters only. Nevertheless,
we emphasize that in no case we find a cluster having an isothermal
region followed by a smooth decline at R ! 0.3 R2500.

We argue that this discrepancy between simulated and observed
temperature profiles is strong evidence for the current lack of self-
consistent simulation models capable of explaining the thermal
structure of the ICM in the regime where radiative cooling and
feedback heating are highly important. We shall further discuss this
point in Section 4.

3.5 The luminosity–temperature relation

Earlier on, it has been recognized that the LX–T relation of clusters
provides evidence for a lack of self-similarity in the ICM properties
(e.g. Evrard & Henry 1991; Kaiser 1991). Its shape at the cluster
scale, T " 2 keV, is well described by LX ∝ Tα with α ! 2.5–3
(e.g. White et al. 1997; Xue & Wu 2000), with a possibly shallower
slope that approaches the self-similar expectation of α = 2 for the
very hot systems (Allen & Fabian 1998), and a considerably reduced
scatter once cooling flow clusters are removed (Arnaud & Evrard
1999; Ettori et al. 2002a), or when the contribution from cooling
regions is excised (e.g. Markevitch 1998). Furthermore, evidence
has been found that groups with TX < 2 keV have a significantly
steeper slope of α ∼ 5 (e.g. Sanderson et al. 2003 and references
therein), although this result is not confirmed by the analyses by
Mulchaey & Zabludoff (1998) and Osmond & Ponman (2003).

In Fig. 8, we show a comparison between the observed and sim-
ulated LX–T relations for clusters and groups. Quite apparently, the
simulation results reproduce the observations reasonably well on
cluster scale. A log–log least-square fit to the relation
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for clusters with T > 2 keV gives α = 2.5 ± 0.1 and LX,0 = (1.0 ±

0.3) 1043 erg s−1, with intrinsic scatter #T/T = 0.33. Including
colder systems in the fit, down to T ew = 0.7 keV, confirms the
visual impression that no significant change of slope takes place in
the simulation at the scale of groups, thus consistent with the result
found by Muanwong et al. (2002). While this is in contradiction with
observational claims for a steepening on group scales (e.g. Ponman
et al. 1996; Helsdon & Ponman 2000; Sanderson et al. 2003), it

Figure 8. Comparison between the observed and the simulated relation
between bolometric luminosity, LX , and emission-weighted temperature,
T ew. The latter has been computed weighting the contribution from each gas
particle according to its emissivity in the [0.5–10] keV energy band. This
figure is available in colour in the on-line version of the journal on Synergy.

agrees with other analyses which indicate a unique slope from the
cluster to the group scales (Mulchaey & Zabludoff 1998). Osmond
& Ponman (2003) have recently analysed ROSAT-PSPC data for an
extended set of galaxy groups and, although within a large scatter,
found no evidence for a steepening of the LX–T relation.

From an observational point of view, determining the X-ray lumi-
nosity contributed by the diffuse medium in galaxy groups is not as
straightforward as for richer clusters, mainly due to the uncertain-
ties in removing the contribution from member galaxies, especially
from the dominant ellipticals. For instance, if genuine emission from
the diffuse intragroup medium is removed when excising galaxies,
then the X-ray luminosity may be underestimated, thus leading to a
steepening of the LX–T relation. This point was quite critical when
considering pre-Chandra X-ray imaging, due to the limited spatial
resolution. However, there is no doubt that, as Chandra data for a
critical number of groups accumulates, it will become possible to
settle the question of how much of the X-ray emission in central
group regions has to be assigned to the diffuse medium.

Quite interestingly, the intrinsic scatter in the simulated LX–T

relation is rather small, comparable to the 30 per cent value reported
by Arnaud & Evrard (1999), even though we did not attempt to
correct for the contribution of cooling regions. This is consistent
with our finding from Fig. 4 where we do not detect significant
spikes of emissivity associated with central cooling regions. In order
to examine this further, we decided to apply to our clusters with
TX > 2 keV the procedure adopted by Markevitch et al. (1998)
for excising the contribution from cooling regions. We first masked
regions smaller than 50 h−1 kpc and then multiplied the resulting LX

by a factor of 1.06 to account for the flux inside the masked regions,
thereby assuming a β-model with β fit = 0.6 and core radius of 125
h−1 kpc. As a result, we find that this procedure affects the LX values
only marginally, thus having only a negligible effect on the scatter
of the LX–T relation.

3.6 The mass–temperature relation

It is a well-known problem of hydrodynamical simulations of clus-
ter formation with gravitational heating only that they predict a
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‣ cooling flow problem, 
prevent overcooling

‣ cluster scaling relations 
that deviate from the self 
similar predictions

The L - T relation

Borgani et al. 2004



The black hole growth model
How is black hole growth modeled in the simulations?

‣ black holes (BHs) are represented by collisionless sink 
particles and seeded by a FOF group finder in all halos with 

‣ black hole growth happens by

➡ mergers with other black holes (when their distance and 
relative velocity is small enough)

➡ gas accretion according to the Bondi-Hoyle-Lyttleton 
formula 

with the Eddington limit imposed 
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AGN feedback in cosmological simulations 879

2 M E T H O D O L O G Y

We use a novel version of the parallel TREESPH code GADGET-2
(Springel, Yoshida & White 2001b; Springel 2005) in this study,
which employs an entropy-conserving formulation of smoothed
particles hydrodynamics (Springel & Hernquist 2002). Besides fol-
lowing gravitational and non-radiative hydrodynamical processes,
the code includes a treatment of radiative cooling for a primor-
dial mixture of hydrogen and helium, and heating by a spatially
uniform, time-dependent ultraviolet (UV) background (as in Katz,
Weinberg & Hernquist 1996). Star formation and associated super-
novae feedback processes are calculated in terms of a subresolution
multiphase model for the interstellar medium (ISM) (Springel &
Hernquist 2003a). We use a simple prescription for metal enrich-
ment, and optionally incorporate galactic winds powered by su-
pernovae, as implemented by Springel & Hernquist (2003a). Fur-
thermore, we follow the growth and feedback of BHs based on a
new model that combines the prescriptions outlined in Springel,
Di Matteo & Hernquist (2005b) and Sijacki & Springel (2006).

In the following, we briefly summarize the main features of the
BH model relevant for this study (see Springel et al. 2005b, for
further details), focusing on extensions that permit us to follow
BH growth and feedback in a cosmological simulation of structure
formation (see also Di Matteo et al. 2007). We then discuss a new
BH feedback prescription at low accretion rates, based on a ‘bubble’
heating scenario for representing AGN heating in the radiatively
inefficient regime of accretion.

2.1 Black hole formation and growth

The BHs in the code are represented by collisionless sink particles,
which may accrete gas from their surroundings based on a prescribed
estimate for the accretion rate. Two BH particles are also allowed
to merge if they fall within their local smoothed particle hydrody-
namics (SPH) smoothing lengths and if their relative velocities are
smaller than the local sound speed.

In our cosmological simulations of structure formation, we as-
sume that low-mass seed BHs are produced sufficiently frequently
such that any halo above a certain threshold mass contains one such
BH at its centre. Whether these seed BHs originate in exploding
Population III stars, in the collapse of star clusters, or are of pri-
mordial origin is not important for our analysis, but there needs to
be a process that produces initial seed BHs which can then grow
to the masses of supermassive BHs by gas accretion in the course
of our simulations. For definiteness, in most of our simulations we
adopt a seed BH mass of 105 h−1 M" and endow all haloes with a
mass larger than 5 × 1010 h−1 M" with a seed if they do not contain
any BH already. We identify haloes without BHs on the fly during
a simulation by frequently calling a fast, parallel friends-of-friends
(FOF) algorithm that is built into our simulation code.

State-of-the-art cosmological simulations of structure formation
reach mass resolutions that are at best of order of our initial BH seed
mass, while the resolution typically reached is still considerably
coarser than that. This would mean that the initial growth of the
BH mass could be significantly affected by numerical discreteness
effects if the sink particle can only swallow full gas particles, as is
the case in our scheme. In order to avoid that the BH growth and
the accretion rate estimate is strongly affected by this numerical
discreteness limitation, we treat the BH mass MBH as an internal
degree of freedom of the sink particle. In the beginning, MBH may
differ from the dynamical mass Mdyn of the sink particle itself. The
variable MBH is integrated smoothly in time based on the estimated

accretion rate on to the BH, while Mdyn increases in discrete steps
when the sink particle swallows a neighbouring gas particle. The
latter process is modelled stochastically such that Mdyn tracks MBH

in the mean, with small oscillations around it. With this prescription
for the BH mass, we can follow the early growth of BHs accurately
in a subresolution fashion even when their mass may be smaller than
the mass resolution of the simulation, while at late times (or in the
limit of very good mass resolution) the two mass variables coincide.
Of course, in the event of a merger of two BH sink particles, both
MBH and Mdyn are added together.

Following Di Matteo et al. (2005), we estimate the accretion rate
on to a BH particle according to the Bondi–Hoyle–Lyttleton formula
(Hoyle & Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952):

ṀBH = 4παG2 M2
BHρ

(
c2

s + v2
)3/2 , (1)

where α is a dimensionless parameter, ρ is the density, cs the sound
speed of the gas and v is the velocity of the BH relative to the gas.
We account for the possibility that the BH accretion has an upper
limit given by the Eddington rate:

ṀEdd = 4πG MBHmp

εr σT c
, (2)

where mp is the proton mass, σ T is the Thompson cross-section and
εr is the radiative efficiency, that we assume to be 0.1, which is the
mean value for the radiatively efficient Shakura & Sunyaev (1973)
accretion on to a Schwarzschild BH. In some of our numerical mod-
els we specifically explore the imprints of the imposed Eddington
limit on the BH properties.

2.2 Black hole feedback

In the model of Springel et al. (2005b), it is assumed that a fixed
fraction of the BH bolometric luminosity couples thermally to the
local gas, independent of the accretion rate and environment. In our
model we extend this BH feedback prescription in order to obtain
a physically refined model for AGN heating both at high and at
low accretion rates. We are motivated by the growing theoretical
and observational evidence (Fender et al. 1999; Gallo et al. 2003;
Churazov et al. 2005; Heinz et al. 2005; Croton et al. 2006) that
AGN feedback is composed of two modes, analogous to states of
X-ray binaries. Specifically, at high redshifts and for high accretion
rates we assume that the bulk of AGN heating is originating in the
luminous quasar activity. In this regime, BHs accrete efficiently and
power luminous quasars where only a very small fraction of their
bolometric luminosity couples thermally to the gas. On the other
hand, at lower redshifts and for BHs accreting at much lower rates
than their Eddington limits, AGN heating proceeds via radiatively
inefficient feedback in a mostly mechanical form.

To model the transition between these two accretion and feed-
back modes, we introduce a threshold χradio = ṀBH/ṀEdd for
the BH accretion rate (BHAR) in Eddington units, above which
‘quasar heating’ is operating, and below which we deal with ‘radio’
mode feedback, which we model by injecting bubbles into the host
galaxy/cluster. Typically, we adopt a value of 10−2 for χ radio, and
we impose no other criterion to distinguish between the two modes
of feedback.

For BHAR that are higher thanχ radio, we parametrize the feedback
as in Springel et al. (2005b), i.e. a small fraction of the bolometric
luminosity is coupled thermally and isotropically to the surrounding
gas particles, with an amount given by

Ėfeed = εf L r = εfεr ṀBHc2. (3)

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 380, 877–900

M > 5× 1010M!/h



The AGN feedback model
How is the feedback modeled? (also see Sijacki et al. 2007) 

‣ two modes of black hole feedback:

➡ QUASAR MODE, used when the accretion rate is larger 
than 1% of the Eddington value

➡ RADIO MODE, used when the accretion rate is smaller

‣ the quasar mode feedback

➡ a small fraction of the luminosity is isotropically, thermally 
coupled to the surrounding gas particles

with
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2 M E T H O D O L O G Y

We use a novel version of the parallel TREESPH code GADGET-2
(Springel, Yoshida & White 2001b; Springel 2005) in this study,
which employs an entropy-conserving formulation of smoothed
particles hydrodynamics (Springel & Hernquist 2002). Besides fol-
lowing gravitational and non-radiative hydrodynamical processes,
the code includes a treatment of radiative cooling for a primor-
dial mixture of hydrogen and helium, and heating by a spatially
uniform, time-dependent ultraviolet (UV) background (as in Katz,
Weinberg & Hernquist 1996). Star formation and associated super-
novae feedback processes are calculated in terms of a subresolution
multiphase model for the interstellar medium (ISM) (Springel &
Hernquist 2003a). We use a simple prescription for metal enrich-
ment, and optionally incorporate galactic winds powered by su-
pernovae, as implemented by Springel & Hernquist (2003a). Fur-
thermore, we follow the growth and feedback of BHs based on a
new model that combines the prescriptions outlined in Springel,
Di Matteo & Hernquist (2005b) and Sijacki & Springel (2006).

In the following, we briefly summarize the main features of the
BH model relevant for this study (see Springel et al. 2005b, for
further details), focusing on extensions that permit us to follow
BH growth and feedback in a cosmological simulation of structure
formation (see also Di Matteo et al. 2007). We then discuss a new
BH feedback prescription at low accretion rates, based on a ‘bubble’
heating scenario for representing AGN heating in the radiatively
inefficient regime of accretion.

2.1 Black hole formation and growth

The BHs in the code are represented by collisionless sink particles,
which may accrete gas from their surroundings based on a prescribed
estimate for the accretion rate. Two BH particles are also allowed
to merge if they fall within their local smoothed particle hydrody-
namics (SPH) smoothing lengths and if their relative velocities are
smaller than the local sound speed.

In our cosmological simulations of structure formation, we as-
sume that low-mass seed BHs are produced sufficiently frequently
such that any halo above a certain threshold mass contains one such
BH at its centre. Whether these seed BHs originate in exploding
Population III stars, in the collapse of star clusters, or are of pri-
mordial origin is not important for our analysis, but there needs to
be a process that produces initial seed BHs which can then grow
to the masses of supermassive BHs by gas accretion in the course
of our simulations. For definiteness, in most of our simulations we
adopt a seed BH mass of 105 h−1 M" and endow all haloes with a
mass larger than 5 × 1010 h−1 M" with a seed if they do not contain
any BH already. We identify haloes without BHs on the fly during
a simulation by frequently calling a fast, parallel friends-of-friends
(FOF) algorithm that is built into our simulation code.

State-of-the-art cosmological simulations of structure formation
reach mass resolutions that are at best of order of our initial BH seed
mass, while the resolution typically reached is still considerably
coarser than that. This would mean that the initial growth of the
BH mass could be significantly affected by numerical discreteness
effects if the sink particle can only swallow full gas particles, as is
the case in our scheme. In order to avoid that the BH growth and
the accretion rate estimate is strongly affected by this numerical
discreteness limitation, we treat the BH mass MBH as an internal
degree of freedom of the sink particle. In the beginning, MBH may
differ from the dynamical mass Mdyn of the sink particle itself. The
variable MBH is integrated smoothly in time based on the estimated

accretion rate on to the BH, while Mdyn increases in discrete steps
when the sink particle swallows a neighbouring gas particle. The
latter process is modelled stochastically such that Mdyn tracks MBH

in the mean, with small oscillations around it. With this prescription
for the BH mass, we can follow the early growth of BHs accurately
in a subresolution fashion even when their mass may be smaller than
the mass resolution of the simulation, while at late times (or in the
limit of very good mass resolution) the two mass variables coincide.
Of course, in the event of a merger of two BH sink particles, both
MBH and Mdyn are added together.

Following Di Matteo et al. (2005), we estimate the accretion rate
on to a BH particle according to the Bondi–Hoyle–Lyttleton formula
(Hoyle & Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952):

ṀBH = 4παG2 M2
BHρ

(
c2

s + v2
)3/2 , (1)

where α is a dimensionless parameter, ρ is the density, cs the sound
speed of the gas and v is the velocity of the BH relative to the gas.
We account for the possibility that the BH accretion has an upper
limit given by the Eddington rate:

ṀEdd = 4πG MBHmp

εr σT c
, (2)

where mp is the proton mass, σ T is the Thompson cross-section and
εr is the radiative efficiency, that we assume to be 0.1, which is the
mean value for the radiatively efficient Shakura & Sunyaev (1973)
accretion on to a Schwarzschild BH. In some of our numerical mod-
els we specifically explore the imprints of the imposed Eddington
limit on the BH properties.

2.2 Black hole feedback

In the model of Springel et al. (2005b), it is assumed that a fixed
fraction of the BH bolometric luminosity couples thermally to the
local gas, independent of the accretion rate and environment. In our
model we extend this BH feedback prescription in order to obtain
a physically refined model for AGN heating both at high and at
low accretion rates. We are motivated by the growing theoretical
and observational evidence (Fender et al. 1999; Gallo et al. 2003;
Churazov et al. 2005; Heinz et al. 2005; Croton et al. 2006) that
AGN feedback is composed of two modes, analogous to states of
X-ray binaries. Specifically, at high redshifts and for high accretion
rates we assume that the bulk of AGN heating is originating in the
luminous quasar activity. In this regime, BHs accrete efficiently and
power luminous quasars where only a very small fraction of their
bolometric luminosity couples thermally to the gas. On the other
hand, at lower redshifts and for BHs accreting at much lower rates
than their Eddington limits, AGN heating proceeds via radiatively
inefficient feedback in a mostly mechanical form.

To model the transition between these two accretion and feed-
back modes, we introduce a threshold χradio = ṀBH/ṀEdd for
the BH accretion rate (BHAR) in Eddington units, above which
‘quasar heating’ is operating, and below which we deal with ‘radio’
mode feedback, which we model by injecting bubbles into the host
galaxy/cluster. Typically, we adopt a value of 10−2 for χ radio, and
we impose no other criterion to distinguish between the two modes
of feedback.

For BHAR that are higher thanχ radio, we parametrize the feedback
as in Springel et al. (2005b), i.e. a small fraction of the bolometric
luminosity is coupled thermally and isotropically to the surrounding
gas particles, with an amount given by

Ėfeed = εf L r = εfεr ṀBHc2. (3)

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 380, 877–900 εr = 0.1 εf = 0.05and



The AGN feedback model
How does the radio mode feedback work?  

‣ the radio mode feedback

➡ when accretion rate < 1% of the Eddington value                 
->  recurrent injection of hot (thermal) bubbles

➡ the injection of energy into bubbles is triggered when a 
BH’s mass has increased by a certain fraction

➡ energy thermally injected into bubble:

➡ radius of the bubbles:
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εr = 0.1 and

δMBH/MBH
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Here εf gives the efficiency of thermal coupling. The value of 5
per cent adopted here brings the simulated MBH−σ ∗ relation ob-
tained for remnants of isolated galaxy mergers in agreement with
observations, as shown by Di Matteo et al. (2005).

Below χ radio we assume that the accretion periodically produces
an AGN jet which inflates hot bubbles in the surrounding gas. We
clearly lack the numerical resolution for self-consistent ab initio
simulations of the detailed physics of BH accretion and the involved
relativistic magnetohydrodynamics (MHD) that is responsible for
the actual jet creation. However, we can nevertheless try to represent
the relevant heating mechanism by directly injecting the energy
contained in the AGN-inflated bubbles into the intracluster medium
(ICM). To this end we need to link the bubble properties, like radius,
duty cycle and energy content, directly with the BH physics.

Up to now there is no compelling theory that can satisfactorily
explain AGN jet formation, bubble inflation by the jet and the duty
cycle of jet activity. On the other hand, a growing body of obser-
vational evidence (e.g. Bı̂rzan et al. 2004; McNamara et al. 2005;
Dunn & Fabian 2006; Fabian et al. 2006; Forman et al. 2006) shows
that AGN-driven bubbles are present in many systems, at different
redshifts and over a range of masses, which constrains the duty cy-
cle to be of the order of 107−108 yr. However, it is still not clear
whether and how AGN activity can be influenced by properties of
the host galaxy like its mass, dynamical state or central gas cooling
rate. In light of this uncertainty we propose a simple model for ra-
dio feedback where we assume that an AGN-driven bubble will be
created if a BH has increased its mass by a certain fraction δBH ≡
δMBH/MBH. Note that with this choice we do not constrain the pos-
sible duty cycle of the jet itself. We only conjecture that whenever
the BH increases its mass by δMBH, the thermodynamical state of
the surrounding gas will be affected by the BH activity, and that this
can be represented in the form of the bubbles.

Thus, we relate the energy content of a bubble to the BH properties
as

Ebub = εmεrc2δMBH, (4)

where εm is the efficiency of mechanical heating by the bubbles.
Moreover, we link the bubble radius both to δMBH and to the density
of the surrounding ICM in the following way:

Rbub = Rbub,0

(
Ebub/Ebub,0

ρICM/ρICM,0

)1/5

, (5)

where Rbub,0, Ebub,0 and ρICM,0 are normalization constants for the
bubble radius, energy content and ambient density, respectively. The
scaling of the bubble radius is motivated by the solutions for the radio
cocoon expansion in an spherically symmetric case (Scheuer 1974;
Begelman & Cioffi 1989; Heinz, Reynolds & Begelman 1998). With
this parametrization for Rbub, we mimic a scenario in which a more
powerful jet will inflate bigger radio lobes, and where a higher ICM
density will confine the size of the buoyant bubbles more. Finally,
the spatial injection of the bubbles is random within a sphere with
radius twice the bubble radius and centred on the BH particle in
consideration.

3 S E L F - R E G U L AT E D BU B B L E F E E D BAC K
I N I S O L AT E D H A L O S I M U L AT I O N S

We have first carried out a number of simulations of isolated galaxy
clusters in order to test our BH feedback model and to explore its
parameter space. These simulations consist of a static NFW dark
matter halo (Navarro, Frenk & White 1996, 1997) with a gas com-
ponent initially in hydrostatic equilibrium. The initial gas density

Table 1. Numerical parameters of our simulations of isolated galaxy clus-
ters. The virial masses and radii of the haloes, evaluated at 200ρcrit, are given
in the first two columns. The assumed values for the concentration parameter
are in the third column, while the number and the mass of the gas particles
are shown in the fourth and the fifth column, respectively. The mass of the
star particles is half that of the gas particles, because we set the number of
generations of star particles that a gas particle may produce to two. Note that
there are no parameters for the dark matter particles in these run, because
we here modelled the dark halo with a static NFW potential. Finally, in the
last column, the gravitational softening length ε for the gas and star particles
is given.

M200 R200 c Ngas mgas ε

(h−1 M$) (h−1 kpc) (h−1 M$) (h−1 kpc)

1013 444 8.0 3 × 105 4.0 × 106 2.0
1014 957 6.5 3 × 105 4.0 × 107 5.0
1015 2063 5.0 3 × 105 4.0 × 108 10.0
1015 2063 5.0 1 × 106 1.2 × 108 6.5

profile has a similar form as the dark matter, but with a slightly soft-
ened core, as explained in more detail in Sijacki & Springel (2006).
We construct initial conditions for haloes with a range of masses
(see Table 1 for the details of the numerical set-up) and evolve them
non-radiatively for a time 0.25 tHubble to damp out possible initial
transients. Then, we ‘switch on’ radiative gas cooling and star for-
mation, and also introduce a seed BH particle in the halo centre. In
the following sections, we describe the results for the subsequent
growth of the BHs.

3.1 Exploring the parameter space

In this section, we analyse the sensitivity of our model and of the
resulting BH and host halo properties with respect to the parameter
choices we have adopted. We begin by considering an isolated halo
of mass 1014 h−1 M$, comparing simulations with and without BHs.
For these numerical tests, we only consider AGN feedback in the
form of bubbles, while in all full cosmological simulations we will
include both modes of AGN feedback introduced in Section 2.2.

First, we vary the threshold for bubble triggering in terms of ac-
creted mass, δBH, from 0.1 to 5 per cent, which will affect both the
number of bubble events and their mean energy. The other two free
parameters in the BH feedback model, εm and the normalization
value for Rbub, are kept fixed in this first series of simulations in
order to facilitate the comparison. For definiteness, for most of the
isolated halo simulations we select εm = 1, Rbub,0 = 30 h−1 kpc,
Ebub,0 = 5 × 1060 erg and ρICM,0 = 106 h2 M$ kpc−3. Note that
our choice for these parameters will be slightly different in cos-
mological simulations, as we will discuss in Section 4. In most of
our numerical experiments we start with a small BH seed, typically
equal to 105 h−1 M$, to establish if the BH growth is self-regulated
and whether it leads to a realistic BH mass when a quasi-stationary
state is reached. In a number of test simulations we also explore
a scenario in which a massive BH is already present at the very
beginning.

In panels (a) and (b) of Fig. 1, we show the BH mass and the
accretion rate expressed in Eddington units as a function of time,
for three different values of δBH = 0.1, 1 and 5 per cent. It can
be seen that the BH is initially growing rapidly starting from the
seed mass of 105 h−1 M$, and the accretion rate on to the BH is
quite high, reaching the Eddington level at t = 0.06 tHubble. How-
ever, after this initial phase of rapid growth, AGN feedback starts

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 380, 877–900
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Here εf gives the efficiency of thermal coupling. The value of 5
per cent adopted here brings the simulated MBH−σ ∗ relation ob-
tained for remnants of isolated galaxy mergers in agreement with
observations, as shown by Di Matteo et al. (2005).
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the relevant heating mechanism by directly injecting the energy
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Up to now there is no compelling theory that can satisfactorily
explain AGN jet formation, bubble inflation by the jet and the duty
cycle of jet activity. On the other hand, a growing body of obser-
vational evidence (e.g. Bı̂rzan et al. 2004; McNamara et al. 2005;
Dunn & Fabian 2006; Fabian et al. 2006; Forman et al. 2006) shows
that AGN-driven bubbles are present in many systems, at different
redshifts and over a range of masses, which constrains the duty cy-
cle to be of the order of 107−108 yr. However, it is still not clear
whether and how AGN activity can be influenced by properties of
the host galaxy like its mass, dynamical state or central gas cooling
rate. In light of this uncertainty we propose a simple model for ra-
dio feedback where we assume that an AGN-driven bubble will be
created if a BH has increased its mass by a certain fraction δBH ≡
δMBH/MBH. Note that with this choice we do not constrain the pos-
sible duty cycle of the jet itself. We only conjecture that whenever
the BH increases its mass by δMBH, the thermodynamical state of
the surrounding gas will be affected by the BH activity, and that this
can be represented in the form of the bubbles.

Thus, we relate the energy content of a bubble to the BH properties
as

Ebub = εmεrc2δMBH, (4)

where εm is the efficiency of mechanical heating by the bubbles.
Moreover, we link the bubble radius both to δMBH and to the density
of the surrounding ICM in the following way:

Rbub = Rbub,0

(
Ebub/Ebub,0

ρICM/ρICM,0

)1/5

, (5)

where Rbub,0, Ebub,0 and ρICM,0 are normalization constants for the
bubble radius, energy content and ambient density, respectively. The
scaling of the bubble radius is motivated by the solutions for the radio
cocoon expansion in an spherically symmetric case (Scheuer 1974;
Begelman & Cioffi 1989; Heinz, Reynolds & Begelman 1998). With
this parametrization for Rbub, we mimic a scenario in which a more
powerful jet will inflate bigger radio lobes, and where a higher ICM
density will confine the size of the buoyant bubbles more. Finally,
the spatial injection of the bubbles is random within a sphere with
radius twice the bubble radius and centred on the BH particle in
consideration.

3 S E L F - R E G U L AT E D BU B B L E F E E D BAC K
I N I S O L AT E D H A L O S I M U L AT I O N S

We have first carried out a number of simulations of isolated galaxy
clusters in order to test our BH feedback model and to explore its
parameter space. These simulations consist of a static NFW dark
matter halo (Navarro, Frenk & White 1996, 1997) with a gas com-
ponent initially in hydrostatic equilibrium. The initial gas density

Table 1. Numerical parameters of our simulations of isolated galaxy clus-
ters. The virial masses and radii of the haloes, evaluated at 200ρcrit, are given
in the first two columns. The assumed values for the concentration parameter
are in the third column, while the number and the mass of the gas particles
are shown in the fourth and the fifth column, respectively. The mass of the
star particles is half that of the gas particles, because we set the number of
generations of star particles that a gas particle may produce to two. Note that
there are no parameters for the dark matter particles in these run, because
we here modelled the dark halo with a static NFW potential. Finally, in the
last column, the gravitational softening length ε for the gas and star particles
is given.

M200 R200 c Ngas mgas ε

(h−1 M$) (h−1 kpc) (h−1 M$) (h−1 kpc)

1013 444 8.0 3 × 105 4.0 × 106 2.0
1014 957 6.5 3 × 105 4.0 × 107 5.0
1015 2063 5.0 3 × 105 4.0 × 108 10.0
1015 2063 5.0 1 × 106 1.2 × 108 6.5

profile has a similar form as the dark matter, but with a slightly soft-
ened core, as explained in more detail in Sijacki & Springel (2006).
We construct initial conditions for haloes with a range of masses
(see Table 1 for the details of the numerical set-up) and evolve them
non-radiatively for a time 0.25 tHubble to damp out possible initial
transients. Then, we ‘switch on’ radiative gas cooling and star for-
mation, and also introduce a seed BH particle in the halo centre. In
the following sections, we describe the results for the subsequent
growth of the BHs.

3.1 Exploring the parameter space

In this section, we analyse the sensitivity of our model and of the
resulting BH and host halo properties with respect to the parameter
choices we have adopted. We begin by considering an isolated halo
of mass 1014 h−1 M$, comparing simulations with and without BHs.
For these numerical tests, we only consider AGN feedback in the
form of bubbles, while in all full cosmological simulations we will
include both modes of AGN feedback introduced in Section 2.2.

First, we vary the threshold for bubble triggering in terms of ac-
creted mass, δBH, from 0.1 to 5 per cent, which will affect both the
number of bubble events and their mean energy. The other two free
parameters in the BH feedback model, εm and the normalization
value for Rbub, are kept fixed in this first series of simulations in
order to facilitate the comparison. For definiteness, for most of the
isolated halo simulations we select εm = 1, Rbub,0 = 30 h−1 kpc,
Ebub,0 = 5 × 1060 erg and ρICM,0 = 106 h2 M$ kpc−3. Note that
our choice for these parameters will be slightly different in cos-
mological simulations, as we will discuss in Section 4. In most of
our numerical experiments we start with a small BH seed, typically
equal to 105 h−1 M$, to establish if the BH growth is self-regulated
and whether it leads to a realistic BH mass when a quasi-stationary
state is reached. In a number of test simulations we also explore
a scenario in which a massive BH is already present at the very
beginning.

In panels (a) and (b) of Fig. 1, we show the BH mass and the
accretion rate expressed in Eddington units as a function of time,
for three different values of δBH = 0.1, 1 and 5 per cent. It can
be seen that the BH is initially growing rapidly starting from the
seed mass of 105 h−1 M$, and the accretion rate on to the BH is
quite high, reaching the Eddington level at t = 0.06 tHubble. How-
ever, after this initial phase of rapid growth, AGN feedback starts

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 380, 877–900



Previous results obtained with this feedback model
Some of the most important previous results  
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Figure 15. BH mass–stellar velocity dispersion relation (left-hand panels) and BH mass–stellar mass relation (right-hand panels), at redshifts z = 1, 2 and 3.
Green star symbols denote the run without galactic winds, while red diamonds are for a run where galactic winds have been included as well. Both simulations
have been performed at the resolution of the R2 cosmological box. The dashed lines give the locally observed relationships between the considered quantities,
as determined by Tremaine et al. (2002) and Häring & Rix (2004).

be five times more massive than Di Matteo et al. (2007) before we
endowed them with a seed BH, which may have delayed their early
growth.

In Fig. 16, we show the specific SFRs and the g−r colours of our
simulated galaxies at z = 1 as a function of their stellar mass. Blue
dots and blue continuous contours show the results when only cool-

ing and star formation is considered. Green dots and long-dashed
contours give the results for the run with AGN feedback, while red
dots and short-dashed contours represent the case with additional
galactic winds. While AGN feedback does not affect the bulk of
the population significantly, it is evident that the stellar masses and
the SFRs of most massive galaxies are reduced. When feedback
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‣ this model leads to a self-
regulated BH growth 

‣ star formation rates of massive 
galaxies are reduced and their 
colors are redder

‣ MBH - σ is reproduced (not 
strongly affected by radio 
mode)



The simulated cluster and group sample
How were the simulations performed?  

‣ zoomed initial conditions for a mass-selected sample of 
clusters and groups from the Millennium simulation

‣ performed two kinds of hydro re-simulations of these halos

➡ simulations that employ only the Springel, Hernquist model 
for cooling, star formation and SN feedback

➡ and simulations that additionally include the model for black 
hole growth and AGN feedback

‣ adapted the WMAP 5yr + SN + BAO baryon fraction 

‣ used mass resolution of 

Ewald Puchwein - NYC, May 8, 2008

Ωb/Ωm = 0.165

mgas = 1.7× 107M!/hmDM = 8.8× 107M!/h and



The gas distribution
How is it affected by the AGN feedback model?  
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The gas distribution
How is it affected by the AGN feedback model?  
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Temperature profiles 
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The gas distribution
How is it affected by the AGN feedback model?  
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The gas mass fractions
How are they affected by the AGN feedback?  
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The halo baryon fractions
How are baryon fractions affected?  
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X-ray properties
How were they calculated?  

‣ put all gas particles inside (projected) radius r500, crit into 
temperature bins and sum up the emission measure for each 
bin

‣ use XSPEC to simulate a spectrum (using Chandra’s response 
function)

‣ fit by a single temperature MEKAL model

‣ obtain spectroscopic temperatures Tspec and bolometric 
luminosities L500 from these fits
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The LX-T relation
How is it affected by AGN feedback?  
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Synthetic X-ray observations 
What effects can be seen?  
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Summary and Conclusions
The main points of this talk

‣ performed simulations with a quasar and radio mode AGN 
feedback model

‣ significant amounts of baryons are moved away from cluster 
and group centers

‣ smaller baryon fractions and more realistic stellar masses  

‣ X-ray luminosities decrease (especially at group scale)

‣ the simulated L-T relation agrees much better with 
observations
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